Using full-dimensional EOM-IP-CCSD/aug-cc-pVTZ potential energy surfaces, the photoelectron spectrum, vibrational structure, and ionization dynamics of the water dimer radical cation, ͑H 2 O͒ 2 + , were computed. We also report an experimental photoelectron spectrum which is derived from photoionization efficiency measurements and compares favorably with the theoretical spectrum. The vibrational structure is also compared to the recent experimental work of Gardenier et al. ͓J. Phys. Chem. A 113, 4772 ͑2009͔͒ and the recent theoretical calculations by Cheng et al. ͓J. Phys. Chem. A 113, 13779 ͑2009͔͒. A reduced-dimensionality nuclear Hamiltonian was used to compute the ionization dynamics for both the ground state and first excited state of the cation. The dynamics show markedly different behavior and spectroscopic signatures depending on which state of the cation is accessed by the ionization. Ionization to the ground state cation surface induces a hydrogen transfer which is complete within 50 fs, whereas ionization to the first excited state results in a much slower process.
I. INTRODUCTION
Structure and dynamics in hydrogen-bonded systems have been of great interest to both theoretical and experimental chemists owing to the important role that these systems play in biological, chemical, and atmospheric sciences. [1] [2] [3] [4] [5] For example, hydrogen bonding is responsible for the double-helix structure of DNA and for many unique properties of the most important solvent, water. Hydrogen bonds can facilitate hydrogen or proton transfer between molecules ͑or within the same molecule͒, a process commonly occurring in biochemistry, enzyme catalysis, and materials science. Proton transfer is often coupled to electronic dynamics and can be induced by electronic excitation or ionization. For example, ionization of some hydrogen-bonded nucleobase pairs leads to barrierless proton transfer, which is believed to play a role in the hole migration through DNA. [6] [7] [8] [9] [10] [11] [12] [13] [14] Reduced barriers along proton transfer coordinate have also been reported in electronically excited nucleobase pairs. 15, 16 Ionization of liquid water, which has been investigated extensively since the 1960s, also involves proton transfer; however, the entire process is still not clearly understood. Experimentally, it is observed that ionizing radiation strips an electron from water, resulting in a thermalized electron, a hydroxyl radical ͑OH͒, and a hydronium ion ͑H 3 O + ͒. It is believed that this results from the formation of a nascent water cation ͑H 2 O + ͒, which subsequently reacts by transferring a proton along one of its hydrogen bonds to a neighboring water monomer. The water dimer cation is a minimal model system ͑readily amendable to experimental and theoretical studies͒ that exhibits similar photoinduced dynamics. In the neutral state, the water dimer exists in the classic donor-acceptor configuration with one of the water monomers oriented so that it points a hydrogen at the second water. Ionization of the dimer induces a proton transfer reaction. 1 Representing the vertically ionized water dimer as ͓͑H 2 The H 3 O + · OH complex is a bound complex and may or may not dissociate depending on the energy of the impinging radiation. In bulk water, the proton transfer is believed to be complete within 100 fs and has been followed by transient electronic spectroscopy, 17 although it has been difficult to establish definitive evidence for this transformation.
As a prototypical H-bonded system, the water dimer is of great fundamental interest. 18, 19 While the dynamics and vibrational spectroscopy ͑including hydrogen tunneling͒ of the neutral water dimer have been extensively studied, [20] [21] [22] previous dimer cation work has primarily focused on the controversy relating to the energetic minimum of the cation, [23] [24] [25] [26] [27] although the dynamics on the surface have also been attempted. 28 Only recently has theoretical work begun to address other features of the cation, such as the nature of the initially formed hole, H 2 O ͑aq͒ + . The hole delocalization depends strongly on dimer geometry, revealing strong couplings between the states of the hydrogen-bond donor and acceptor. 29, 30 The structures, vibrational frequencies, and energetics of the ground state of the water dimer cation have a͒ Electronic mail: krylov@usc.edu. also been newly characterized computationally. 31 At the same time, recent experimental work has addressed the vibrational structure of the bound complex H 3 O + · OH with the assignment of several important fundamental frequencies. 32 The photoelectron spectrum of the water dimer was reported by Tomoda et al. 33 ͑supplementary figures͒. Assuming that the dimers are the dominant species in the beam, the reported spectrum was obtained as a difference between the photoelectron spectrum of all the species in the beam and the spectrum of the water monomer. The spectrum features two bands with maxima at 12.1 and 13.2 eV, respectively, the first band being visibly broader than the second. The onset of the first band was 11.1 eV. An earlier photoionization study of Ng et al. 34 reported an adiabatic ionization energy ͑AIE͒ of 11.21 eV. In view of large geometric relaxation and unfavorable Franck-Condon factors, the authors regarded this value as an upper bound of the AIE. This study also reported the onset for H 3 O + appearance at 11.7 eV and gave a lower bound for the dimer dissociation ͑to H 2 O + +H 2 O͒ as 1.58 eV. A more recent study using a charge-exchange reaction 35 reported lower values for the AIE, i.e., 10.8-10.9 eV. Valence ionization of water clusters and size dependence of the IEs has been recently investigated. 36, 37 The focus of this paper is on ionization-induced dynamics in water dimer and on characterizing spectroscopic signatures of proton transfer. We compare proton transfer dynamics in the two different electronic states of the cation and investigate how the evolution of the ionized dimer depends on the character of the ionized state. Our calculations employ full-dimensional potential energy surfaces ͑PESs͒ computed by the equation-of-motion coupled-cluster ͑EOM-CC͒ method for ionization potentials ͑EOM-IP-CC͒. [38] [39] [40] [41] [42] We discuss the photoionization of the dimer from two different perspectives. First, we report calculations of vibrational wave functions of the cation and present a photoelectron spectrum of ͑H 2 O͒ 2 . Photoelectron spectra contain the information about energies and the character of the electronic states of the ionized system as well as ionization-induced dynamics. For example, long Franck-Condon progressions reveal significant geometry changes, from which dynamical information can be deduced. By comparing the spectra of the monomer and the dimer, one can quantify the effects of clustering on electronic states, such as shifts in ionization energies ͑see, for example, Refs. 13, 43, and 44͒. We compare the computed photoelectron spectrum of the dimer with the pseudophotoelectron spectrum derived from photoionization efficiency ͑PIE͒ measurements. The spectrum reveals important differences in hole localization and the vibrational structure of the complex in the lowest and the first excited electronic states, which are critical to understanding the proton transfer dynamics. The onset and overall shape of the first band of the computed spectrum agrees well with the photoionization efficiency ͑PIE͒ derived one. The computed vibrational frequencies for the ground state of the cation also agree well with recent experimental results. 32 Second, we present results of wave packet propagation on each of the two potential surfaces of the water dimer cation. These calculations provide an insight into the time scale and dynamics of the ensuing proton transfer process. In agreement with different Franck-Condon envelops, we observe different time scales for proton transfer in the two ionized states. Moreover, we investigate the evolution of the electronic spectrum during the hydrogen transfer process in the two electronic states. Different patterns in the electronic spectral evolution can be exploited in pump-probe experiments to distinguish between electronic states of the dimer cation.
Despite its modest size, the water dimer cation presents several challenges for computational methods. From the electronic structure point of view, its open-shell doublet wave functions are difficult to describe by standard singlereference approaches due to spin contamination and symmetry breaking persisting even when highly correlated methods are employed. 41 Density functional theory suffers from selfinteraction error, which results in overestimation of the delocalization of the hole and underestimation of the barriers for proton transfer. Modeling nuclear dynamics in this system needs to properly account for quantum effects ͑i.e, zero-point motion͒ and large anharmonicities, which are important owing to the presence of light atoms ͑hydrogens͒ and weak interfragment interactions.
We employ EOM-IP-CC, [38] [39] [40] [41] [42] which is the method of choice for ionized systems. 45 It is capable of describing multiple interacting electronic states in a balanced and accurate fashion, and is free of spin contamination and symmetry breaking. Moreover, EOM-IP-CCSD allows one to compute transition properties required for spectroscopy modeling, e.g., transition dipole moments and Dyson orbitals. 46, 47 Using EOM-IP-CCSD, we compute a full-dimensional semiglobal PES using an invariant polynomial representation, 48 as described below. These surfaces are used for vibrational selfconsistent field/vibrational configuration interaction ͑VSCF/ VCI͒ calculations and reduced-dimensionality wave packet propagation. The wave packet calculations employ an approximate kinetic energy operator, which we also derive below.
The structure of the paper is as follows. In Sec. II we describe the calculation of the required ground and excited state PESs for the water dimer cation. This section also includes the derivation of and our motivation for a particular kinetic energy operator in internal coordinates. Section III presents the details of the experimental PIE measurements to which we will compare our theoretical results. Section IV tabulates both experimental and theoretical results, presenting the PESs, the vibrational structure, the photoelectron spectrum, the wavepacket dynamics, and the spectral evolution. Finally, we conclude with a discussion of the differences between dynamics on different surfaces as well as present some insight into future comparisons between theory and experiment.
II. THEORETICAL METHODS AND COMPUTATIONAL DETAILS
The full-dimensional PESs of the ground and first excited states of the water dimer cation were fit to electronic energies computed with EOM-IP-CC with single and double substitutions [38] [39] [40] [41] [42] ͑EOM-IP-CCSD͒ with the aug-cc-pVTZ basis set 49 using the Q-CHEM suite of quantum chemistry programs. 50 The core electrons are frozen in all calculations. Previous EOM-IP calculations employed the 6-311+ +G ‫ءء‬ basis set 30 and our results demonstrate that using a larger basis set affects the IEs by as much as 0.3 eV, resulting in better agreement with the experimental values.
The PESs were constructed using 13 169 and 9137 single point energies for the ground state and first excited state, respectively. The geometries were chosen such that they are in the configuration space that is sampled by the vertical ionization and subsequent proton transfer. This choice was based on two criteria, namely, to accurately describe the potential in the region near the global minimum of the cation in order to permit accurate vibrational calculations and in the four-dimensional subspace spanned by the coordinates we are interested in for the dynamics. The fitting was done using a sixth degree polynomial constructed from permutationally invariant polynomials in Morse variables. The Morse variables are defined as y͑i , j͒ = e −r͑i,j͒/ , where r͑i , j͒ is the internuclear distance between atoms i and j. The value of was chosen to be 2.0 Å, however, the fit is relatively insensitive to this value. The overall total root-mean-square error for the ground state and first excited state surfaces were 264 and 512 cm −1 , respectively. The PES of the neutral dimer was constructed from 10 240 single point energies from the same set of calculations and had a rms error of 80 cm −1 . In the region spanning the four-dimensional subspace for the wavepacket dynamics, the neutral, ground state cation, and first excited state cation surfaces had rms errors of 182, 311, and 393 cm −1 , respectively. Since this region spans a considerable range of energies and some contribution to the rms error comes from enforcing the correct behavior as nuclei become close, we expect that these errors will not significantly impact the overall accuracy of the calculation. The PESs employ the ezPES ͑Ref. 51͒ interface and are available for download from the iOpenShell website.
Using the PES VSCF/CVI calculations were performed in order to extract the ground state vibrational wave function as well as excited state energies of the bound complex. Both of these methods are well documented. 52, 53 The vibrational calculations employed the n-mode representation of the potential at the three-mode level and each mode employed a primitive sinc-discrete variable representation [54] [55] [56] ͑sinc-DVR͒ basis of 20 points, to diagonalize the Watson Hamiltonian 57 yielding the vibrational states. In the second set of calculations, aimed at wavepacket dynamics, we restrict our attention to a four-dimensional subset of the twelve internal coordinates. In order to clarify subsequent presentation of the kinetic energy operator, we adopt the following notation based on the neutral water dimer geometry: H a refers to either hydrogen in the acceptor monomer and O a refers to the oxygen in the acceptor, the three remaining atoms are labeled H s for the shared proton, O d for the donor oxygen, and H f for the free hydrogen on the donor. Figure 1 demonstrates this labeling. In this case, we evaluated cuts through the PES allowing the distance between the shared proton and the oxygen in the donor water, While the use of curvilinear coordinates allows for a more accurate description of large scale displacements, it significantly increases the complexity of the kinetic energy operator. For this reason, we constructed an approximate kinetic energy operator T by constraining the atomic motions to representative planes. Although for a six atom system it is both algebraically and computationally feasible to derive the exact constrained kinetic energy operator, we adopt the approximate operator because we believe that it retains the most pertinent features while having much lower complexity and significantly greater ease of implementation.
To construct the kinetic energy operator, we first consider the two oxygen atoms and the bridging hydrogen atom. Within this subsystem, the angle is fixed and only the two bond lengths, r O d H s and r O d O a , are allowed to vary. This leads to the operator ͑in atomic units͒
where OO is the reduced mass corresponding to two oxygen atoms and OH is the reduced mass corresponding to an oxygen and a hydrogen atom. 32, 58 In order to include the effect of rotation around
describes the dihedral rotation of the hydrogen on the hydroxyl fragment. This simple first-order approximation arises from decoupling the torsional motion from the stretching motions involving the donor oxygen atom. 
for the dihedral motion. Finally, to describe the angular kinetic energy corresponding to the bond angle, HaO a H a , we introduce the operator
which arises from the elements of the G-matrix. 58, 59 Combining these three kinetic energy operators with the potential, the Hamiltonian is given by
The Hamiltonian was evaluated on a direct-product grid using a 20 point sinc-DVR in each degree of freedom. Expressions for first and second derivatives in this basis are readily available in the literature and so are not reproduced here. [54] [55] [56] In order to use an evenly spaced grid in the angular coordinate, the variable t = cos͑ H a O a H a ͒ was introduced, which converts the volume element from ͓80°, 130°͔. Three-dimensional results obtained using the two bond distances and the dihedral rotation with a 24 point sinc-DVR grid were not appreciably different from a similar calculation with the 20 point grid, so we expect that the basis, although small, is adequate for our desired level of accuracy. In order to reduce the size of the resulting directproduct grid, an energy cutoff V thr was established, and all grid points having a potential energy above this threshold were removed. For the neutral water dimer, ground state water dimer cation, and first excited state water dimer cation this Hamiltonian matrix was evaluated and diagonalized. Since for the neutral water dimer, the only state of interest was the ground vibrational state, this could be accomplished directly by a Lanczos diagonalization routine. However, for the cation a complete set of states in which to expand the ground vibrational state of the neutral was desired. In order to achieve this, a subspace diagonalization and recoupling algorithm were used whereby the first three degrees of freedom, Electronic spectra were computed using EOM-IP-CCSD/aug-cc-pVTZ transition dipole moments at the centroid of the wave packets and are convoluted with the pulse shape, as described in Sec. III, instead of doing the multidimensional integration. These approximate spectra nevertheless provide a reasonable theoretical estimate which can be compared to experiment.
All relevant geometries and energies as well as computed spectra visualized below are given in the supplementary materials. 60 The PES of the two states of the cation are available for download from the iOpenShell website.
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III. EXPERIMENTAL DETAILS
The experiments were performed on a molecular beam apparatus coupled to a 3 m vacuum ultraviolet monochromator on the Chemical Dynamics Beamline at the Advanced Light Source ͑ALS͒. 37 The clusters were ionized by tunable synchrotron radiation in the 10.8-15.5 eV region and the ions detected by a time-of-flight mass spectrometer. For each mass, the yield of the ions was measured as a function of photon energy, which produced a PIE spectrum. The typical step size for the PIE scans was 50 meV, with a dwell time of 10 s at a repetition rate of 10 kHz. The differentiation of the PIE curves, following the method used by Berkowitz in interpreting photoionization of methanol, 61 produces a spectrum similar to a photoelectron spectrum from which information about vibrational progressions and other electronic states can be extracted, with caveats relating to the presence of fragmentation channels. A potential problem in this analysis could arise from autoionizing Rydberg states converging on the vibrational states of the water dimer ion. High resolution PIE scans ͑supplementary figure͒ do not show any peaks which will be signatures of these Rydberg states superimposed on the relatively smooth PIE spectrum, suggesting minor contributions from these channels. The differentiation was performed numerically after taking a five point nearest-neighbor average to reduce the effects of noise in the PIE. The accuracy of reported onset energies in the PIE spectra is 0.05 eV.
IV. RESULTS AND DISCUSSION
Electronic states of the dimer cation can be conveniently described in terms of the dimer molecular orbitals-linear combination of fragment molecular orbitals ͑DMO-LCFMO͒ approach. 29, 46 In this framework we adopt a composite notation of the form ͑hydrogen-bond donor orbital͒/͑hydrogen-bond acceptor orbital͒ to describe the DMOs. The three orbitals of the water monomer that will play a role in the spectroscopy are, in order of decreasing energy, the b 1 ͑out-of-plane lone pair͒, a 1 ͑in-plane lone pair͒, and b 2 ͑the OH bonding orbital͒. The respective vertical IEs ͑VIEs͒ are 11.72 and 13.16 eV ͑EOM-IP-CCSD/aug-cc-pVTZ͒ and are redshifted with respect to the monomer's values by 0.91 and 1.77 eV, respectively. The previously reported experimental VIEs are 12.1 and 13.2 eV; 33 however, since they were derived from a low-resolution difference spectrum, the comparison is not straightforward. The adiabatic IEs are 11.1 and 12.5 eV. The lowest AIE agrees well with 11.1-11.2 eV values derived from the photoionization and photoelectron measurements, 33, 34 and is within 0.3 eV within the lower value of 10.8-10.9 from Refs. 31 and 35. As shown below, our results are in an excellent agreement with the PIE derived IEs.
A. PESs of "H 2 O… 2 +
The ground state of the water dimer cation is derived from the ionization at 11.72 eV of an electron from the b 1 / 0 orbital, which corresponds primarily to removing an electron from the lone pair of the hydrogen-bond donor. This results in an immediate ͑H 2 O͒ · ͑H 2 O + ͒ pair where the hole is localized on one of the water monomers. The localization of this hole creates a strong driving force for the transfer of the shared proton from one monomer to the other yielding the final ͑OH͒ · ͑H 3 O͒ + pair. The equilibrium structure of the ground state cation is significantly different from the equilibrium structure of the neutral water dimer. The three internal coordinates displaying the largest changes are the distance of the shared proton from the OH oxygen, Despite the large change in the dihedral angle, the PES is relatively flat along this coordinate. Maintaining this coordinate at the equilibrium geometry of the neutral dimer results in a change of less than 50 cm −1 in potential energy, thus, the energetic contribution of the dihedral angle to the total relaxation is almost negligible.
The coupling between modes introduced by the ionization was investigated by calculating several two-and threedimensional slices of the ground state cation surface. Fig. 2 . Whereas in the neutral water dimer these two motions are almost completely decoupled, in the cation these two coordinates become strongly coupled. While these two coordinates do couple weakly to all the remaining degrees of freedom, we expect these effects to be relatively small, and it is the r O d H s , r O d O a coupling that will have the most important ramification in the dynamics. Our geometries and energies for the ground state of the water dimer cation compare favorably with a recent study by Cheng et al., 31 which characterized a variety of stationary points on this surface. A previous theoretical analysis of the geometric and energetic changes associated with the water dimer cation surface reported similar features. In that study, as in ours, the same three major geometric changes were noted as was the strong coupling between the r O d H s and r O d O a motions. 32 The first excited state of the water dimer cation results from the ionization at 13.16 eV of an electron from the ͑a 1 / b 1 ͒ ‫ء‬ orbital, which is an orbital that is delocalized over both the hydrogen-bond donor and acceptor. The absence of an initially localized hole deprives the system of the strong driving force for proton transfer that was seen in the ground state.
This ionization also induces large structural changes. The equilibrium structure of the first excited state is also the proton-transferred structure, ͑OH͒ · ͑H 3 O + ͒. In this structure there are four coordinates displaying large displacements, i.e., the distance between the oxygen atoms, r O d O a , which decreases from 2.85 to 2.58 Å, the distance between the OH oxygen and the shared proton, which increases from 0.96 to + , bottom, as a function of the coordinates r OH,s and r OO . While these two coordinates are mostly uncoupled in the neutral dimer, they become strongly coupled in the cation. The minimum on each surface is indicated by an "X" on the figure. 1.57 Å, and the angle between the shared proton, the oxygen in the OH group, the terminal hydrogen in the OH, which increases from 104°to 180°, and the HOH angle in the donor which also nearly reaches 180°. The remaining coordinates are not significantly affected by the ionization.
Examining the coupling on the first excited state cation surface using the same methodology as before reveals a similar strong coupling between the r O d H s and the r O d O a coordinates. This is illustrated in Fig. 3 . An important difference between the ground and first excited state surfaces is also apparent from a comparison of Figs. 2 and 3 . Whereas on the ground cation surface the vertical ionization places the water dimer in a location where the gradient points toward a proton-transferred complex, on the first excited state cation surface the vertical ionization places the water dimer on a relatively flat shelf. It is important to note that while the global minimum for both the ground and first excited states of the cation correspond to a proton transferred complex, the local shape of the PES is profoundly different for the two states. For the ground state the curvature of the local surface leads to quick reaction, whereas for the first excited state the local surface is flat. Of the many stationary points identified by Cheng et al. 31 only two appear within our criteria for geometrical parameters, these being the global minimum and the transition state connecting the two identical forms of the global minimum. The important geometrical parameters as well as the energies of each are tabulated in Table I and the geometries are shown in Fig. 1 .
B. Vibrational energies
The ground state cation surface was used for VCI calculations in order to compare with recent experimental and theoretical results. The comparison between experimental vibrational energies from argon-messenger vibrational predissociation spectroscopy, 32 our VCI calculated frequencies and harmonic frequencies from CCSD͑T͒/aug-cc-pVDZ ͑Ref. 31͒ are shown in Table II . Our approach yields substantially more accurate vibrational frequencies than the harmonic calculations because it includes anharmonic effects and allows the motion in different modes to be coupled. This is particularly important for the water dimer cation because certain motions are strongly coupled, i.e., the shared proton stretch and the oxygen-oxygen stretch, and can be seen in the large difference between harmonic and VCI frequencies.
We do not expect perfect agreement because of both the presence of perturbing argon atoms in the experiment and inaccuracies in the PES. Nevertheless, good agreement between the theoretical and experimental values is observed. The previous work by Gardenier et al. also included harmonic analysis of the fundamental frequencies at the unrestricted MP2/aug-cc-pVDZ level of theory as well as anharmonic reduced-dimensional calculation for the sp͑ʈ͒ mode. This work also observed a large drop in the frequency of this mode when anharmonicity was accounted for and when it was allowed to couple with the oxygen-oxygen stretch. Our frequencies and assignments are consistent with this previous work and with the later work of Cheng et al.
The one unexplained feature from the argon-tagged messenger spectroscopy of Gardenier et al. was a triplet, which was tentatively assigned to combination bands involving the sp͑ʈ͒ stretch and the torsional rotation of H f . While we observe that there are several states with character corresponding to a single excitation in sp͑ʈ͒ , these states are clustered near to our reported value of 1820 cm −1 for that excitation. However, we do not, at present, have a dipole moment surface for the cation and the Watson Hamiltonian has inherent problems with the large amplitude rotations which this dihedral rotation involves so we cannot definitively comment on this feature. From the reduced-dimensional calculation, we obtained a frequency for this torsional motion of = 83.7 cm −1 , which is of similar magnitude to the experimentally observed splitting of approximately 100 cm −1 .
C. Photoelectron spectroscopy
A photoelectron spectrum for the water dimer shown in Fig. 4 was computed using the four-dimensional Hamiltonian given in Eq. ͑4͒. The resulting stick spectrum was convoluted with a high-resolution Gaussian ͑full width at half maximum of 0.05 eV͒. The adiabatic and VIEs computed from electronic energy differences are also shown. The two bands in the spectrum correspond to ionization to the ground and first excited states of the water dimer cation. The first feature shows a broad vibrational progression and is chiefly the result of the overlap of the coupled r O d H s , r O d O a vibrational states on the cation ground state surface with the vibrational ground state on the neutral surface. For reference, this spectrum also includes lines for the adiabatic and vertical ionization energies of 11.1 and 11.7 eV, respectively. The reported vertical ionization is the difference in electronic energies of the neutral water dimer and the cation at the geometry of the neutral dimer. While this yields a value of 11.7 eV, the actual peak of the photoelectron spectrum appears approximately 0.1 eV lower. This shift is due to the combination of better overlap between the vibrational states and the zero-point energy in the Franck-Condon active modes. The experimental spectrum is limited by the resolution of the measurement and the accuracy of numerical derivation and so the structure apparent in the theoretical spectrum cannot be resolved.
In stark contrast to the ground state ionization, ionization to the first excited state of the cation does not result in a broad vibrational progression, despite the similarities of the two equilibrium structures. This is because of the difference in the local curvature of the PES in the region accessed by the vertical ionization. As noted above, vertical ionization to the first excited state places the dimer on a broad shelf region supporting a set of localized vibrational states. Consequently, the photoelectron spectrum is dominated by a single peak near the vertical ionization at 13.1 eV. Because of the poor 0-0 Franck-Condon factor, it is impossible to see the adiabatic onset for this state. Figure 5 compares the theoretical spectrum with the experimental pseudophotoelectron spectrum derived from the PIE curve ͑see Sec. III͒. In this region, only the lowest electronic state of the cation is accessible. The onsets and the maxima of the two spectra are in excellent agreement. The spectra exhibit larger differences at higher energies, which might be due to the disappearance of the dimer signal from dissociation. The vertical ionization occurs at 11.7 eV and fragmentation into H 3 O + + OH becomes possible at 11.8 eV, meaning that the photoelectron spectrum derived from the PIE curve will suffer from attenuation for any energies equal to or greater than this.
D. Wavepacket dynamics
Previous work posited a two-step mechanism for the proton transfer, whereby the first step involves the two monomers moving closer together and the second step transfers the proton between the oxygens. 30 Quantum dynamics reveal a more complicated picture for the mechanism, however, as shown in Fig. 6 . Immediately upon ionization, the wave packet is located at a region on the cation PES, which simultaneously begins driving the monomer-monomer distance to decrease and the proton to transfer. Because the proton moves on a significantly faster time scale than the heavy fragments, it oscillates between the two oxygens as the monomers gradually close the gap. Thus there are several proton transfer events and this is more consistent with a picture where the hydrogen oscillates back and forth between the two oxygens until they have moved close enough to trap + and H 2 O can be considered complete. ͑The presence of dissipative forces in the bulk may somewhat slow the process, but we expect it to be complete on roughly this time scale.͒ The proton transfer dynamics also manifests itself in the photoelectron spectrum. The vibrational progression with several distinct peaks indicates that there is a set of vibrational states, which overlap with the ground vibrational state of the neutral water dimer. It is the evolution of these cation vibrational states that drives the subsequent dynamics on that surface.
The dynamics on the ground state cation surface are shown in Fig. 8 and can be contrasted with the wave packet evolution on the first excited state surface. Looking at the photoelectron spectrum for this state ͑Fig. 4͒, we see that it is dominated by a single peak. This indicates that the neutral water vibrational ground state is well represented by relatively few localized vibrational states of the electronically excited cation. The subsequent propagation should show only slow spreading of the wavepacket and little movement because of the flatness of the local surface. These suppositions are realized during the propagation, as shown in Fig. 8 .
E. Electronic spectral evolution
As the wavepacket moves toward the products, the electronic spectrum of the cation also evolves, as shown in Fig.  9 . The spectrum shown in Fig. 9 is best viewed as a two laser experiment, where the first laser instantaneously ionizes the neutral cation and the second laser interrogates the transition of the cation at a specific excitation energy. The time delay between the two pulses corresponds to the evolution time of the wavepacket and is thus given by the x-axis on the top panel of Fig. 9 .
An interesting feature of Fig. 9 is the increase in the intensity of the transition between the ground and the third excited state of H 4 and third excited state is therefore derived by exciting from the doubly occupied ͑b 2 / a 1 ͒ ‫ء‬ orbital to the b 1 / 0 singly occupied molecular orbital ͑SOMO͒. As the cation evolves from the vertical geometry toward the proton-transferred geometry, the shared proton moves closer to the hydrogen-bond acceptor causing mixing between the b 1 and a 1 fragment molecular orbitals. This causes the ͑b 2 / a 1 ͒ ‫ء‬ orbital, which was initially antibonding in character with respect to the fragments, to become bonding. Coupled with the rotation of the hydrogen-bond donor group, this allows the transition to this excited state to acquire significantly more intensity than was originally present.
A similar spectrum computed for the wave packet evolving on the first excited state is shown in Fig. 10 . This spectrum is dominated by the transition between the first and second excited states. This corresponds to exciting an electron from the a 1 / b 1 doubly occupied molecular orbital to the ͑a 1 / b 1 ͒ ‫ء‬ SOMO. Because the evolution on this surface shows a little movement of the wavepacket, the spectrum shows a little change as well. Toward the end of the propagation as the shared hydrogen moves slightly farther away from the OH end of the complex, the second and fourth excited states are pushed slightly higher in energy, but there is little change in the transition strengths.
V. CONCLUSIONS
This study reveals that the dynamics of the proton transfer process can be highly dependent, both qualitatively and quantitatively, on the nature of the ionized state. In the water dimer, the proton transfer is driven by the localization of the hole on one individual monomer. In the ground state of the cation, the hole is initially strongly localized on the hydrogen-bond donating monomer, and subsequent propagation of the vertically ionized wavepacket reveals several proton transfer events as the hole moves in opposition to the proton. This is in contrast to the case where the ionization places the cation on the first excited state. In this case the hole is delocalized over both the hydrogen-bond donor and acceptor and the dynamics reveal a little movement of the wavepacket. These differences are also responsible for different shapes of the two lowest bands of the photoelectron spectrum.
This study illustrates the markedly different behavior between different states of the cation, provides an estimation of the reaction time in terms of wavepacket dynamics, and offers a potential aid to the detection of this transfer by calculating the evolution of the spectral lines during the event. It also raises some questions about the dynamics of the proton transfer event in larger water clusters or in bulk water, which could be addressed in a future study.
By combining state-of-the-art electronic structure calculations with wavepacket dynamics, we are able to accurately capture and help interpret all the relevant points of the experimental spectra. Our calculations accurately reproduce the spectra as well as yield frequencies that are in good agreement with the observed values. Within this context it is important to note the importance of including anharmonic effects in the calculation of vibrational frequencies, which can significantly lower the frequency from the calculated harmonic value. For the water dimer cation, the shared proton stretch and the oxygen-oxygen stretch are strongly coupled yielding large anharmonic effects. We also emphasize the importance of modeling the entire photoelectron spectrum, as our calculations show that the Franck-Condon factors can entirely hide the adiabatic onset of ionization as well as shift the peak to the left of the vertical value. This means that extra care must be taken in interpreting these features in experimental spectra since the peak may be shifted slightly from the vertical ionization energy and the adiabatic onset may not be visible. 
